Abstract: Occurring in at least 1 in 3,000 live births, chromosome 22q11.2 deletion syndrome (22q11DS) produces a complex phenotype that includes a constellation of medical complications such as congenital cardiac defects, immune deficiency, velopharyngeal dysfunction, and characteristic facial dysmorphic features. There is also an increased incidence of psychiatric diagnosis, especially intellectual disability and ADHD in childhood, lifelong anxiety, and a strikingly high rate of schizophrenia spectrum disorders, which occur in around 30% of adults with 22q11DS. Using innovative computational connectomics, we studied how 22q11DS affects high-level network signatures of hierarchical modularity and its intrinsic geometry in 55 children with confirmed 22q11DS and 27 Typically Developing (TD) children. Results identified 3 subgroups within our 22q11DS sample using a K-means clustering approach based on several midline structural measures-of-interests. Each subgroup exhibited distinct patterns of connectome abnormalities. Subtype 1, containing individuals with generally healthy-looking brains, exhibited no significant differences in either modularity or intrinsic geometry when compared with TD. By contrast, the more anomalous 22q11DS Subtypes 2 and 3 brains revealed significant modular differences in the right hemisphere, while Subtype 3 (the most anomalous anatomy) further exhibited significantly abnormal connectome intrinsic geometry in the form of left-right temporal disintegration. Taken together, our findings supported an overall picture of (a) anteriorposteriorly differential interlobar frontotemporal/frontoparietal dysconnectivity in Subtypes 2 and 3 and (b) differential intralobar dysconnectivity in Subtype 3. Our ongoing studies are focusing on whether these subtypes and their connnectome signatures might be valid biomarkers for predicting the degree of psychosis-proneness risk found in 22q11DS. Hum Brain Mapp 39:232-248, 2018.
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INTRODUCTION
The chromosome 22q11.2 deletion syndrome (22q11DS), which also encompasses the phenotypes of velo-cardiofacial syndrome [Shprintzen et al., 1978] and DiGeorge syndrome [DiGeorge, 1965] , is a neurogenetic syndrome due to a hemizygotic microdeletion at band 11.2 on the long arm of chromosome 22 [Edelmann et al., 1999; Shaikh et al., 2000; Shprintzen, 2000] . It likely occurs in more than 1 in 3,000 live births [Grati et al., 2015; McDonald-McGinn et al., 2015] and produces a complex and variable phenotype. Common manifestations include congenital heart defects, palatal and immunological anomalies, and craniofacial dysmorphisms and mild to moderate intellectual impairment [Shprintzen, 2008] . More specific cognitive impairments, which tend to be strongest in nonverbal domains, have recently been well characterized [Azuma et al., 2009; Bish et al., 2007; Campbell et al., 2010; McCabe et al., 2011; Shapiro et al., 2014; Van Aken et al., 2010; Wong et al., 2014] . A wide range of psychiatric diagnoses affect individuals with 22q11DS, with ADHD most common in childhood and anxiety seen at elevated levels (up to 60%) across the lifespan [Feinstein et al., 2002; Jolin et al., 2012] . These disorders, particularly anxiety, can be substantially impairing on everyday function [Angkustsiri et al., 2012] and increasing the already high risk for schizophrenia [Gothelf et al., 2013; Tang et al., 2014] , which, strikingly affect 25%-30% of adults [Green et al., 2009; Murphy et al., 1999; Schneider et al., 2014] . This makes 22q11DS the strongest genetic risk factor for such outcomes aside from having a monozygotic twin or two affected parents with the disorder [McGuffin et al., 1995] . Also, very common across the lifespan are social functioning impairments in various forms, leading to frequent but possibly inappropriate diagnoses of autism spectrum disorder [Angkustsiri et al., 2014; Eliez, 2007; Vorstman et al., 2006] .
Structural neuroimaging studies of children with 22q11DS have reported volumetric brain abnormalities, including reductions in total brain volume [Tan et al., 2009 ], but particularly in white matter volume [Eliez et al., 2000; Kates et al., 2001] , and gray matter in the left parietal lobe [Eliez et al., 2000] . In addition, midline anomalies in brain structures, many loosely associated with schizophrenia, have been reported frequently in 22q11DS. These include dilated ventricles, anomalous corpus callosum, small hippocampi, and altered fornix integrity [Campbell et al., 2006; Deng et al., 2015; Debbane et al., 2006; Kates et al., 2015; Machado et al., 2007; Shashi et al., 2012; Simon et al., 2005c] . Several studies have reported an increase in the size of the cavum septum pellucidum and cavum vergae (CSP/CV) in 22q11DS [Beaton et al., 2010; Campbell et al., 2006; Schmitt et al., 2014; Shashi et al., 2004 ]. An enlarged CSP has also been associated with schizophrenia [Galarza et al., 2004] . In the largest sample to date of children with 22q11DS, Beaton et al. [2010] found that children with 22q11DS were more likely to have Abnormal CSP/CVs, defined as an anteroposterior length of 7-10 mm [Nopoulos et al., 2000] , than typically developing (TD) children. Beaton et al. [2010] additionally found greater CSP/CV volumes that had previously been reported in the literature, and thus proposed an Extreme group of an anteroposterior length of 12 mm or greater. They found that only individuals with 22q11DS were classified in this Extreme group. Despite the fact that all the above midline anomalies have been associated with the incidence of schizophrenia [Shenton et al., 2001] , the relationships between these anomalies in those with 22q11DS at risk for, or already found to have schizophrenia, have not been extensively investigated to date. Given how frequently these anomalies occur in children with 22q11DS and given how variable the neural, and other, subphenotypes can be, we wanted to use a completely data-driven approach to determining if that variability might actually contain identifiable subtypes based on measures of these schizophrenia-relevant structures. If such subtypes did exist, researchers could determine factors such as differential patterns of connectivity and/or relationships to the spectrum of schizophrenia symptoms in adolescents and young adults. Should any such relationships exist, then the subtypes could be used as predictive biomarkers for differential developmental patterns in young children that could prove powerful for early identification and intervention for individuals at highest risk of developing psychosis.
Recently, attention has turned to analyzing the differences in structural and functional connectivity that may be associated with these neuroanatomical anomalies. Alterations in resting state connectivity have been reported in 22q11DS [Scariati et al., 2014] . For example, using connectomics, Ottet et al. [2013] found a global degree reduction of 6% in the networks of patients with 22q11DS, and a decrease of global efficiency in patients with 22q11DS compared to healthy controls. They found that 58% of hubs were reduced in 22q11DS, including the left thalamus, bilateral hippocampal, parietal, and precentral regions. Furthermore, a negative correlation was found between schizophrenia spectrum symptom severity and local efficiency in Broca's and Wernicke's areas, contrasting with a positive correlation with the dorsolateral prefrontal cortex (DLPFC). In a more recent study with a partly overlapping sample, V a sa et al. [2016] , using a weighted graph theoretical analysis, identified the spatial distribution of the regions driving the global network integration deficit in 22q11DS. They termed this subset of regions the "affected core" of the 22q11DS structural connectome. This subnetwork of the connectome, which contains regions that are particularly important for efficient network communication, was less densely connected in 22q11DS. The affected core consisted of numerous nodes, many of which were network hubs, which were mostly bilaterally symmetric and located in the frontal and parietal cortical regions, and subcortical structures including the thalamus and hippocampus. They also observed that the mean connectivity strength and efficiency in the orbitofrontal-cingulate circuit correlated negatively with extent of negative symptoms in patients with 22q11DS.
Though several studies have now adopted connectomics to investigate structural connectivity in 22q11DS, none to our knowledge has utilized advanced computational connectomics techniques to investigate higher level connectome properties of modularity (i.e., the community structure of networks). Thus, in this study, we sought to use a recently developed, innovative technique for investigating the hierarchical modularity of brain networks known as PLACE, or Path Length Associated Community Estimation [GadElkarim et al., 2012 [GadElkarim et al., , 2014 . General analyses were carried out by comparing brain image data from 55 children with 22q11DS to those from 27 typically developing (TD) children. However, of much greater interest was whether patterns of neural connectivity are different within the sample of children with 22q11DS. Therefore, we also investigated the hypothesis that patterns of connectivity would be more anomalous in the cluster that contained the most atypical brains of children with 22q11DS in our sample than in the cluster that contained the least atypical brains of children with 22q11DS in our sample. To test this hypothesis, we examined whether the brain's hierarchical modularity in children from each of three 22q11DS subgroups that we had identified (see below) differed significantly from the pattern seen in the brains of typically developing children and if any patterns of connectivity were associated with behavioral phenotypes.
METHODS

Participants
A total of 82 children, including 55 diagnosed with 22q11DS (mean age 5 11.226 2.58 years, 25 males) and 27 typically developing (TD) (mean age 5 10.61 6 2.4 years, 14 males), participated in this study conducted in the MIND Institute's 22q11.2 Research Center and Clinic, University of California Davis. Behavioral symptoms were frequent in individuals with 22q11.2DS, with elevated scores for 51% of participants on measures of childhood anxiety (Behavior Assessment for Children and Spence's Anxiety Scale) [Reynolds and Kamphaus, 2004; Spence, 1999] , 33% for ADHD (The SNAP-IV Rating Scale) [Swanson et al., 1992] , and 20% with social communication impairments (Social Communication Questionnaire) [Rutter et al., 2003 ]. Written informed consent was obtained from all participants and their guardians. Diagnosis of chromosome 22q11.2 deletion was confirmed using fluorescent in situ hybridization (FISH) or a similar genetic test. Parents provided all genetic test data as part of the screening process. All protocols were approved by the Institutional Review Board of University of California Davis Medical Center.
MRI Acquisition
Participants were scanned at the Imaging Research Center at the University of California at Davis Medical Center on a 3 T Siemens MAGNETOM Trio scanner with a Tim operating system. A 32-channel head coil was used to acquire T1-weighted and diffusion-weighted MRI. The 3D magnetization-prepared rapid gradient-echo (MPRAGE) T1-weighted sequence with isotropic voxel dimension parameters were as follows: sagittal plane of acquisition, 192 slices, slice thickness 0.9 mm, number of excitations 5 1, repetition time ( 
Structural Network Reconstruction
Initially, 82 regions of interest (ROIs) were defined on each participant's T1 MRI using a standard Freesurfer (v5.3; http://surfer.nmr.mgh.harvard.edu/) parcellation r Zhan et al. r r 234 r pipeline (recon-all option) and the Desikan atlas [Desikan et al., 2006] . Diffusion-weighted MRI was preprocessed using FSL (http://fsl.fmrib.ox.ac.uk/fsl) including scalp removal with the bet function [Smith, 2002] and correction for eddy current distortion using the eddy_correct function [Andersson and Sotiropoulos, 2016] . The gradient table was adjusted accordingly. After preprocessing, we performed whole-brain tractography using Fast Assignment Continuous Tracking (FACT) algorithm [Mori et al., 1999] . Fiber tracking was restricted among voxels with fractional anisotropy (FA) values higher than 0.2, which indicate typical white-matter regions. The fiber-tracking critical angle was set to 358 based on the data quality and our prior experience. To account for field inhomogeneities, each participant's FA image was nonlinearly registered to the corresponding T1 MRI space using the Symmetric Normalization (Syn) method [Avants et al., 2008] in Advanced Normalization Tools (ANTs) [Klein et al., 2009] package and the resulting deformation field was then applied to the tractography. An 82 3 82 brain network was then reconstructed for each participant by counting the ratio of total number of fiber streamlines connecting each pair of ROIs [Zhan et al., 2015] . Each value in the matrix indicates the connection strength (or connectivity) between two corresponding ROIs.
Definition of 22q11DS Subtypes
As part of an ongoing research project seeking to identify neural biomarkers of outcomes in youth with 22q11DS, one of our labs (TJS) has been exploring whether any inter-relationships exist between several frequently reported anomalies in or near the midline of brains of individuals with 22q11DS . These structural anomalies are not only robust features of the 22q11DS phenotype but also the same structures that are repeatedly reported to be anomalous in the brains of people with schizophrenia [Shenton et al., 2001] . Therefore, given the extremely high risk for schizophrenia in people with 22q11DS, we wanted to determine (a) if there were detectable subtypes and (b) if we could later relate this to schizophrenia symptoms when the children in this study were re-enrolled and evaluated in late adolescence. Thus, we entered values computed from T1-weighted structural and diffusion-weighted MR brain images of the 55 children with 22q11DS in this study into a K-means clustering analysis to see if there were separable clusters within which these values systematically varied. Entered values were volumes of left and right hippocampus [Scott et al., 2016] , lateral ventricles, five subsections of the corpus callosum, and the cava (CSP/CV). Also entered was the length (in millimeters) of the cava [Beaton et al., 2010] and the average fractional anisotropy (FA) and radial diffusivity (RD) of the fornix [Deng et al., 2015] . Based on this analysis, we identified three subtypes of 22q11DS, described in the Results section. Please refer to Supporting Information, Figure 3 for the scree plot for our K-means clustering analysis, which guided us to select three as the number of clusters.
Statistical Analysis
Initial analyses use a generalized linear regression to evaluate the effect of age, sex, and subject type (TD or 22q11DS Subtype 1, 2, and 3) on several standard network measures [Rubinov and Sporns, 2010] including global and nodal efficiency, characteristic path length, clustering coefficient, and small-worldness. We found that neither age nor sex had any significant effect on all network measures (for effect sizes and the corresponding P values please refer to Supporting Information, Table 1 ). Thus, in the following modularity analysis, age and sex were not entered as co-varying variables.
Modularity Analysis
Using PLACE (Fig. 1A ) [GadElkarim et al., 2012 [GadElkarim et al., , 2014 , we investigated differences between 22q11DS and TD using a hierarchical permutation approach, illustrated in Figure 1B .
Owing to the hierarchical nature of PLACE trees, controlling for multiple comparisons is straightforward. Indeed, using permutation analyses, if a region exhibits different nodal affiliations between 2 groups at each of the highest m levels of modular hierarchy (each of them controlled at 0.05), collectively all m levels would yield a combined false positive rate of 0.05 m . Since PLACE trees are computed using 82 3 82 structural connectomes up to level 4 (yielding 2 4 5 16 communities), significant nodal affiliation differences are thus defined as any region that exhibits significant nodal affiliation differences with permutation testing (at P 5 0.05) for levels 2, 3, and 4 (as 0.05 3 is <0.05/82, thus surviving the more stringent Bonferroni correction).
Intrinsic Geometry Analysis
We also used PLACE to examine a related and novel concept of connectome's intrinsic geometry in 22q11DS using the BRAINtrinsic approach [Conte et al., 2015] . This approach is especially useful for visually understanding connectomes in an intuitive way, and is akin to the visualizations that cartographers use to map quantitative data onto world maps. In such maps, information is displayed relatively, such as when countries are resized on a map according to their gross domestic product (GDP). When this is done, it becomes obvious that the U.S. has the largest GDP. The BRAINtrinsic approach intuitively determines the coordinates of each brain region using the interconnectivity that each region has with the rest of the brain, independent of its anatomical location. Thus, rather than displaying physical proximity, in the threedimensional graphs produced by this approach, ROIs that are displayed closer together are those that have stronger r Abnormal Connectome Modularity in 22q11DS r r 235 r connections between one another than ROIs that are displayed further apart.
To understand a connectome's intrinsic geometry, highresolution connectivity matrices are needed. We used our previously published upsampling approach to further subdivide each Freesurfer ROI until all of its components reached a size of 2,000 voxels, yielding upsampled connectivity matrices of size 572 3 572. To account for potential scaling confounds secondary to variable total fiber counts, we normalized each subject's upsampled connectivity matrix to have unit mass, that is, the matrix is normalized by the total fiber count for that subject, such that every subject contributes equally to the group geometry. Then we computed the mean matrix of each group by averaging across all normalized individual matrices for that group followed by the extraction of both group-level and individual-level connectome's intrinsic geometry using isomap embedding of the corresponding pairwise shortest graph distance matrix. We compared group intrinsic geometry measures for each of the 22q11DS clusters to the TD group's values in order to determine if any of the 22q11DS clusters differed significantly from the pattern seen in typical development.
Functional Correlate Analysis
Given the 7-14 years old age range of the participants reported in this article (our study Phase I or baseline , it was not possible to assess one of the two main 22q11DS subphenotypes of interest in our research, namely psychosis spectrum symptomology. This was due to two factors. One is the rarity of such symptoms before late adolescence. The other is that exaggerated conceptual weakness due to cognitive impairment makes it very difficult to reliably complete a structured interview involving complex, abstract questions about unusual thought experiences. Those interviews are currently being conducted with most of the Phase I participants who are participating in our study Phase II, a longitudinal assessment of cognitive and affective functions and their relationships to psychosis proneness symptoms in youth aged 12-18 years of age who will return for further assessment at 15-21 years r Abnormal Connectome Modularity in 22q11DS r r 237 r old. We did have measures of the more common childhood behavioral disturbances such as anxiety, ADHD, and social impairment symptoms. These were collected using the Spence Childhood Assessment Scale [Spence, 1999] , SNAP-IV ADHD scale [Swanson et al., 1992] , and the Social Competence Questionnaire [Rutter et al., 2003] . We also collected data on a number of information processing experimental paradigms developed in our laboratory to measure degree of impairment, relative to typically developing age-matched peers, in spatial and temporal visual and auditory information processing. Linear regression or repeated measures regression models were used to assess the association between network measures and childhood behavioral disturbances or information processing in children with 22q11DS. All models covaried age and sex, and assumptions of the models were checked and met by the data.
RESULTS
K-Means Clustering Analysis
Scree plots resulting from the analysis indicated that a 3-cluster (subtype) model was the most effective without resulting in cluster sizes that were too small, accounting for 32% of the variance. Because we were interested in the relationship between anomalous structures within the brains of children with 22q11DS, values from TD controls were not entered into this analysis but were compared with subtype values subsequently. Subtype 1 (n 5 19) contained generally healthy-looking brains with values most similar to those of the TD group for every value except left and right hippocampal volumes, which were around 1.5 SD smaller in this 22q11DS subgroup. Subtype 2 (n 5 21) contained brains that had an array of atypical values. Hippocampal volumes in this cluster were the closest of all subtypes to the TD values (1.0 SD smaller) and fornix scalar values tracked the TD values closely. However, cava volumes and lengths were almost 0.5 SD larger, and lateral ventricle volumes were 1.0 SD larger than in the TD group. Finally, the two most posterior and one most anterior callosal section volumes in this group were 0.25-0.75 SD larger than those of the TD group even though the three central sections matched the TD group's almost identically. Subtype 3 (n 5 15) contained grossly anomalous brains, easily visible as such to the naked eye. Cava values were 1.0 SD larger and hippocampal volumes were 2.0 SD smaller than the TD group's. Fornix scalar values had the opposite pattern to the TD group's, with RD values being 1.0 SD higher and FA values being 1.0 SD lower. Ventricle volumes, like Subtype 2, were 1.0 SD larger than in the TD group. In direct contrast to Subtype 2, Subtype 3's most posterior and anterior corpus callosum segment volumes were identical to the TD group but all the others were 0.75-2.0 SD smaller. The results of the kmeans clustering analysis are presented in Figure 2 , with exemplary brain images from each Subtype depicted in Figure 3A . To confirm the findings of the k-means clustering with an independent method, we carried out principal components analysis (PCA) on these 14 measures. This confirmed the findings of the clustering analysis as is clearly depicted in Figure 3B .
PLACE Hierarchical Modularity Analysis
We conducted permutation-based hierarchical modularity analysis using the PLACE-derived hierarchical binary trees. Comparison of each 22q11DS subtype to TD revealed significant hierarchical modular differences: (a) between Subtype 2 and TD in the right hippocampus and the right precentral gyrus; (b) between Subtype 3 and TD in the right pars orbitalis, pars triangularis, posterior cingulate, and precuneus. By contrast, no significant differences were detected between Subtype 1 and TD. Figure 4 (Panel A) shows that the right hippocampus was more associated with parietal regions in the TD group than in 22q11DS Subtype 2, including the bilateral precuneus and isthmus of the cingulate, and the left posterior cingulate cortex and right superior parietal lobule. In the opposite direction, the right hippocampus was more associated with the right hemispheric frontal regions, including the superior frontal gyrus, rostral middle frontal gyrus, anterior cingulate cortex, caudate, and the thalamus in Subtype 2 compared to the TD group.
Subtype 2 also differed from the TD group in an ROI located in the right precentral gyrus. This was more associated with right hemisphere parietal and temporal regions in the TD group than Subtype 2, including the supramarginal, transverse, and superior temporal gyri. For Subtype 2, the precentral gyrus was more associated with other frontal regions, including rostral middle frontal, superior frontal, and rostral anterior cingulate cortex.
The second set of significant findings to emerge from the PLACE analyses concerned Subtype 3 in relation to the TD group (Fig. 4, Panel B) . First, both the right pars orbitalis and the pars triangularis ROIs were more associated with right hemisphere temporal regions in the TD group than in Subtype 3, including in the transverse and superior temporal gyri and the bank of the superior temporal sulcus. In the opposite direction, both the right pars orbitalis and the pars triangularis ROIs were more associated with right hemisphere frontal regions in Subtype 3 compared to the TD group, including the rostral middle frontal and superior frontal gyri, and the pars opercularis, and parts of the basal ganglia, including the caudate. Figure 5 shows the 3D cortical surface plots (of nodal affiliations) comparing TD with Subtype 2 (Panel a) and Subtype 3 (Panel b). Warm colors identify regions more likely to be assigned to the same local community as the labeled ROI in the TD group. Cold colors identify regions 
Global Intrinsic Geometry Analysis
Visual inspections of group-level mean intrinsic geometries (Supporting Information, Fig. 2) suggested that there is a relative disintegration in 22q11DS Subtype 3 relative to the TD group in temporal-occipital regions. This finding was supported by statistically comparing individual-level lobar integration, measured using the Hausdorff point cloud distances [Taha and Hanbury, 2015] between lobar positions in the left and right hemisphere in their isomap embeddings, for each 22q11DS Subtype relative to the TD group. Two-sample t tests confirmed that temporal lobe integration was significantly greater (i.e., a larger Hausdorff distance) in 22q11DS Subtype 3 relative to the TD group (P 5 0.0062, statistically significant with a Bonferroni correction of P 5 0.05/3; Fig. 6 ), suggesting very atypical intertemporal connectivity in this 22q11DS Subtype that had the most anomalous brains.
Overall, the results from PLACE and intrinsic geometry analyses suggest an abnormal, differentially altered connectivity profile anterior-posteriorly in our total 22q11DS sample. In particular, Subtypes 2 and 3 do not show the same pattern of fronto-parietal/fronto-temporal connectivity that is evident in the TD group. Furthermore, Subtype 3 demonstrates greater precuneus to temporal lobe but reduced inferior frontal gyrus to temporal lobe connectivity than the TD group, in addition to reduced hemispheric integration of the temporal lobes.
Functional Correlates
Analysis of variance (ANOVA) of IQ, and the cognitive and behavioral measures collected on this school-aged sample of children with 22q11DS revealed no differences between the 3 brain subtype groups even though the general population of children with 22q11DS is consistently found to be different from their typically developing peers on these or similar measures. As discussed later, none of these measures was directly related to schizophrenia risk, so this result was not entirely unexpected. We do expect to find differences in our future studies that compare schizophrenia symptoms within these brain subtype groups.
Despite the high rate of elevated symptoms in all the anxiety, ADHD, and social impairment measures, no relationships were found with measures of intrinsic geometry. Also, despite the significant group differences demonstrating impairment in the 22q11DS group relative to TD peers in all of the spatial and temporal cognitive processing tasks we deployed, no relationships were found between functional abilities and measures of brain connectivity.
DISCUSSION
Using state-of-the-art computational connectomics, this study conducted two main complementary analyses to compare patterns of connectivity in subgroups of a sample of 55 children with 22q11DS with that seen in 27 typically developing children. We used a data-driven approach to determine whether neural subtypes existed within our sample using measures of schizophrenia-relevant structures. As stated in Results, we identified three clusters based on a combination of a scree plot and the resulting cluster sizes (to ensure that we were not running analyses on clusters that were too small). In fact, the 4-cluster solution resulted in clusters of size 16, 8, 18 , and 13 (rather than the 19, 21, and 15 of the 3-cluster solution). We decided on the 3-cluster solution to have sufficient information in each of the clusters to provide meaningful comparisons. Our motivation was to determine whether such subtypes could be identified because tools to reduce the phenotypic variability in 22q11DS could be extremely powerful. If the future research is able to replicate such subtypes in other samples and use them to identify patterns, detectable in early childhood, that might predict risk for or protection against schizophrenia symptoms or fullblown psychosis in late adolescence or early adulthood, then the research contribution would be some extremely powerful biomarkers for later outcomes.
The PLACE analysis of hierarchical modularity revealed significant differences between the TD group and 22q11DS Subtypes 2 and 3 but only in the right hemisphere. The right hippocampus was more affiliated with frontal regions in 22q11DS Subtype 2, but more affiliated with occipital and parietal regions in the TD group. Similarly, the precentral gyrus was also more affiliated with frontal regions in 22q11DS Subtype 2 compared to a stronger affiliation with temporal and inferior parietal regions in the TD group. For 22q11DS Subtype 3, the right pars orbitalis and pars triangularis showed a similar pattern in which they were more affiliated with frontal regions but in the TD group these two frontal opercular regions were more affiliated with temporal regions. The posterior cingulate cortex (PCC) affiliation in 22q11DS Subtype 3 was strongest with frontal regions, while in the TD group, it was strongest with superior parietal regions. Finally, the precuneus in Subtype 3 was most strongly affiliated with occipital and temporal regions in contrast to the strongest affiliation with medial central regions in the TD group.
The global intrinsic geometry analysis carried out with BRAINtrinsic revealed a relative disintegration of temporal-occipital regions in 22q11DS Subtype 3 (i.e., those with the most grossly anomalous medial brain structures) relative to the TD group. Computation of Hausdorff distances between lobar positions in the left and right hemispheres revealed a statistically significant difference for the temporal lobes in Subtype 3 relative to the TD group. This suggests that a very atypical pattern of connectivity between the left and right temporal lobes exists in these children with 22q11DS. Without further investigation, it is not possible to understand the relationship of this pattern to the significantly different values of the brain regions that separate those in Subtype 3 from the other group. Nor is it clear what the functional implications of this are, as there were no correlations between any subtype with ADHD, anxiety, or social communication impairments, nor between these distance values and performance on a range of cognitive tasks that the same children completed. However, those tasks were not designed as tests of temporal lobe connectivity. Also, because of the young age and intellectual impairment of the children with 22q11DS, we did not attempt to assess psychotic thinking symptomology in this group. Therefore, we must conclude that the connective differences that we report appear not to be related in any obvious way to the behavioral or spatial and temporal information processing impairments that are so characteristic of children with 22q11DS. This does not mean, of course, that the same will be true of perhaps the most clinically and functionally significant outcome for a strikingly large minority of people with 22q11DS, that of schizophrenia spectrum disorders and the associated intermediate phenotype of impaired executive function. Many of the Phase I participants reported on here are being followed longitudinally with those measures, and so we will be carrying out our first analyses of these relationships in the not too distant future.
Neither of our analytical approaches revealed significant differences between the TD group and Subtype 1. Together with our finding the most significant differences between Subtype 3 and the TD group, this supports our hypothesis that patterns of connectivity should be more anomalous in the cluster that contained the most atypical brains of children with 22q11DS in our sample than in the cluster containing the least atypical brains of children with 22q11DS.
The level 2 PLACE hierarchical modularity differences for Subtype 2 indicate very unusual patterns of nodal affiliation, further indicating distinct connectivity patterns relative to the TD group or the least anomalous brains of 22q11DS Subtype 1. The prominence of the right hippocampus in these findings is important because hippocampal volume reduction has been repeatedly found in 22q11DS [Debbane et al., 2006] , and appears to be associated with lower Full Scale, Verbal, and Nonverbal IQ scores [DeBoer et al., 2007] . Specific regional volume reductions within the left and right hippocampi have also been associated with the very common and debilitating fear anxiety in children with 22q11DS [Scott et al., 2016] . Reduced anatomical connectivity of the hippocampus has also been reported in schizophrenia [Zhou et al., 2008] . The fact that the hippocampus was a significant ROI for Subtype 2, whose hippocampal volumes were similar to the TD group, supports the importance of our cluster analysis method. This is because it shows that a combination of features, rather than a single difference like hippocampal volume, can differentiate subtypes that demonstrate measurable differences in hierarchical brain modularity. Again, the functional implications remain unclear and future studies should investigate the relationship of these differences to psychosis risk, if they are robust enough to be identified in other samples of those with 22q11DS.
The differences between Subtype 3 and the TD group may be associated with the high psychosis-proneness risk that is found in 22q11DS, though, as noted above, standard measures like the Structured Interview for Prodromal Syndromes could not be effectively used in this young 22q11DS sample. It is possible to speculate, however, that Subtype 3 may be at highest risk. This is because the right inferior frontal gyrus (IFG; consisting of the pars orbitalis, pars triangularis, and pars opercularis) has been reported to be the largest region of activity in psychotic individuals during experience of auditory verbal hallucinations [Sommer et al., 2008] . Furthermore, a study using machine learning found that connectivity of the right IFG was one of the most discriminative in differentiating individuals with 22q11DS with and without psychotic symptoms [Scariati et al., 2014] . The right IFG is important for perception of prosody [Hoekert et al., 2010] , which is the emotional intonation in speech. Individuals who score high on measures of schizotypy but who are otherwise healthy have reduced gray matter volume in the pars orbitalis compared to individuals low on schizotypy (DeRosse et al., 2015) . Similarly, individuals at high familial risk for schizophrenia have reduced gray matter volume of the pars orbitalis , and a reversed lateralization of volume of this region (i.e., R > L). Reversed lateralization of cortical thickness of the IFG has also been reported to be greater in children with 22q211 than TD controls. Volume reduction of the right pars orbitalis has been significantly positively correlated with several language measures . Unfortunately, this study did not examine prosody; however, Francis et al. noted that these findings were consistent with previous findings of loss of language region asymmetry in schizophrenia, and that some have suggested that it may have a genetic basis (Crow, 2000) .
Consistent with our findings of frontotemporal interlobar dysconnectivity, some theoretical models argue that an overactive auditory cortex and a failure of top-down inhibitory control contributes to the genesis of auditory and visual hallucinations [Allen et al., 2008; Dierks et al., 1992; Hugdahl, 2009] . Overactivity of sensory areas could result from an underactivity of cognitive control regions, such as the ventrolateral prefrontal cortex (VLPFC), which is densely connected to the rostral inferior temporal visual r Abnormal Connectome Modularity in 22q11DS r r 243 r association cortex via the uncinate fasciculus [Barbas, 1988; Carmichael and Price, 1995; Petrides and Pandya, 2002] . Numerous studies have found that the VLPFC, including pars orbitalis and pars triangularis of the IFG, is important for cognitive control [Chavan et al., 2015] . For example, an fMRI study of face-word Stroop tasks [Egner, 2011] found that individual differences in successful conflict-driven adjustments in cognitive control were supported by the right inferior frontal gyrus, which is part of the VLPFC. Furthermore, inhibitory control is clearly impaired in children with 22q11DS [Shapiro et al., 2014] .
The differences found in the posteromedial parietal lobes, including the precuneus, are also likely to be important because these regions are crucial for visuo-spatial processing [Cavanna and Trimble, 2006] and numerical calculations [Zago and Tzourio-Mazoyer, 2002] , abilities that are impaired in a very high proportion of those with 22q11DS [De Smedt et al., 2006; Simon, 2008; Simon et al., 2005a; Wang et al., 2000] . The posterior cingulate cortex is also involved in spatial attention and forms an important part of the cingulate component of the attention network [Mesulam et al., 2001] . Reduced gray matter and increased fractional anisotropy has been reported in this posterior cingulate/precuneus region in children with 22q11DS compared to TD controls [Simon et al., 2005b] . Reduced surface area has also been reported in the precuneus of individuals with delusional infestation [Hirjak et al., 2017] , a monothematic delusional disorder on the psychosis spectrum. Overall, the findings from the PLACE analysis also suggest a frontoparietal interlobar dysconnectivity, at least in 22q11DS Subtypes 2 and 3. Indeed, a dysfunction in frontal and parietal neural circuitry has previously been suggested as a potential mechanism underlying inhibitory impairments in this population [Simon et al., 2005b] .
The results of our PLACE analysis are also consistent with a recent connectome study of 22q11DS [V a sa et al., 2016] . This study found that connectomes of individuals with 22q11DS had increased characteristic path length and decreased global efficiency, and lower global segregation. The regions driving their global group difference included the hippocampal formation (the entorhinal cortex and hippocampus), in addition to the precentral gyrus (both of which were significantly different in 22q11DS Subtype 2 compared to the TD group in the PLACE analysis) and the precuneus (significant in Subtype 3).
Interestingly, all our significant ROIs for the PLACE analysis were located in the right hemisphere, which is consistent with the right lateralization of auditory verbal hallucinatory activity reported by Sommer et al. [2008] and others [Woodruff et al., 1995] , and the degree to which the content of auditory verbal hallucinations was negative in valence [Sommer et al., 2008] . The restriction of significant results to the right hemisphere may also be related to the prevalent spatiotemporal processing impairments in 22q11DS. Our analyses found connective differences in several thalamocortical networks critical to spatiotemporal processing [Kadosh et al., 2007] that are consistent with characteristically impaired visuospatial [Bearden et al., 2001] , attentional, and temporal processes in 22q11DS [Simon, 2008] . Furthermore, these suggest functional implications for the 22q11DS midline structural subtypes identified by independent k-means clustering. We present these potential relationships because they form an interesting set of hypotheses requiring direct investigation in future studies.
Finally, the intrinsic geometry analysis further confirmed the above bilateral discussion because it found that connections between the temporal lobes were less integrated in 22q11DS Subtype 3 compared to the TD group. Many studies have reported abnormalities in the temporal lobe in 22q11DS [Eliez et al., 2001; Scariati et al., 2014; van Amelsvoort et al., 2001] . For example, in nonpsychotic youth with 22q11DS, reduced temporal lobe gray matter has been associated with severity of thought problems [Bearden et al., 2004] . Decreased cortical thickness has been reported in individuals with 22q11DS [Schmitt et al., 2015] , and widespread decreased temporal lobe white matter in individuals with and without schizophrenia that was related to schizophrenia symptom (PANSS) severity [Alves et al., 2011] . Kates et al. [2011] found that symptom severity over a 3-year follow-up of individuals with 22q11DS was associated with volume loss in several brain regions; however, only temporal lobe gray matter loss and reductions in verbal IQ uniquely predicted severity of positive psychotic symptoms at follow-up, although no individuals had converted to full psychosis. Similarly, Chow et al. [2011] found that among individuals with 22q11DS, those with schizophrenia had significant gray matter volume reductions in the temporal lobes and superior temporal gyri. Findings of reduced temporal gray matter are consistent with those from studies of first-episode schizophrenia [Kasai et al., 2003] . Enlarged Sylvian fissures, perhaps due to delayed development of the opercular regions, have also been reported in children with 22q11DS [Bingham et al., 1997] .
Fronto-temporal dysconnectivity has been frequently implicated in schizophrenia and reported in 22q11DS [Ottet et al., 2013] ; however, this was in the left hemisphere. Impaired synchrony between the prefrontal cortex and hippocampus has been found in mice modeled with 22q11DS [Sigurdsson et al., 2010] and it was suggested that this impaired synchrony could be an essential component underlying the pathophysiology of schizophrenia and its intermediate phenotype of executive functioning. As mentioned, the children with 22q11DS analyzed in this study were not assessed for schizophrenia spectrum disorder symptomology during their research visit, and given their young age, they would not be expected to reveal many such symptoms. Thus, we hope that subsequent studies attempt to replicate the novel findings presented here using designs that allow for direct testing of associations with intermediate cognitive phenotypes of psychosis risk and direct assessments of symptomology. Should such r Zhan et al. r r 244 r relationships be found, then there would be increased confidence that connectomic findings like those presented here are important biomarkers for psychosis-proneness assessed in high-risk groups such as individuals with 22q11DS and those with first degree relatives with a psychotic disorder.
LIMITATIONS
This study has the following limitations. First, due to the relatively small sample size, we unfortunately could not jointly investigate sex and age effect on modularity. However, we computed and compared modularity for 38 subjects versus 44 subjects (<10 years old vs 1014 years old; regardless of sex), and confirmed that there was no significant difference. Similarly, a comparison between 39 males and 43 females, regardless of age, revealed no significant difference.
Second, the results of our k-means clustering using midline structures should be replicated to confirm the identified three Subtypes in a larger sample. Also, the crosssectional nature of our study does not inform us about the longitudinal time course; so in the next phase of our study, we will follow these subjects over time in order to determine whether our connectome findings between different subtypes translate to different clinical trajectories. Last, our structural networks were defined by simply counting the number of fibers connecting two regions of interest, without taking into account the size and/or the surface area of each ROI and the distance between them (however, we note that while alternative strategies have been proposed, to the best of our knowledge, there is currently no consensus in the literature).
CONCLUSIONS
Our results suggest that connectomic analysis can reveal functionally significant within-group differences that might identify outcome risk subtypes, independent of observable differences in regional brain structures. In particular, we observed overall impaired fronto-parietal and fronto-temporal interlobar connectivity in the two most grossly atypical Subtypes of 22q11DS. These network alterations could be state factors that appear with the emergence of schizophrenia, or they could represent endophenotypic biomarkers [Keshavan et al., 2007] , or trait vulnerability factors for developing schizophrenia. Studies that measure the connectomes of individuals with 22q11DS are therefore important given the high genetic risk for schizophrenia in this sample.
